The Japanese mantis shrimp Oratosquilla oratoria (Stomatopoda; Crustacea) is one of the most economically important aquatic species of Pacific shrimp and it is distributed from Japan to the coast of China, the Philippines, the Malay Peninsula, and the Hawaiian Islands.
has attracted much attention due to the high number of economically relevant species, but less research has focused on Stomatopoda. Several studies investigated stomatopod spermatogenesis (Komai, 1920) , spermatozoa morphology (Cotelli & Lora Lamia Donin, 1983; Jamieson, 1989) , reproductive organ morphology (Deecaraman & Subramoniam, 1980; WorthamNeal, 2002) , reproductive biology (Kim, Kim, Bae, Kim, & Oh, 2017; Kodama, Shiraishi, Morita, & Horiguchi, 2009) , and transcriptome analysis (Yan et al., 2018) . Komai (1920) performed the first study on spermatogenesis in Squilla oratoria, and Cotelli and Lora Lamia Donin (1983) and Jamieson (1989) studied the sperm ultrastructure in Squilla. mantis and Oratosquilla stephensoni, respectively. Despite recent advances, the consistency and composition of the nucleus are also important characteristics that are completely unknown in Stomatopoda. A thorough understanding of sperm is fundamental to assessing and improving the reproductive performance of male mantis shrimp and can provide insights into the complex mechanisms of gamete fertilization in these animals.
During spermatogenesis, histones are replaced by transition proteins in the elongated spermatids, and then transition proteins are replaced by protamines. This process implies a series of progressive changes in the interaction between DNA and proteins. As a result, the incorporation of spermatozoa basic nuclear proteins (SBNPs) into sperm chromatin induces DNA compaction, which condenses the sperm chromatin and protects the genome from the external environment (Meistrich, Mohapatra, Shirley, & Zhao, 2003; Oliva & Dixon, 1991; Rathke et al., 2007; Ward & Coffey, 1991; Wouterstyrou, Martinage, Chevaillier, & Sautière, 1998) . A higher level of chromatin condensation, associated with the interactions between SBNPs and DNA in nuclei can be observed using a transmission electron microscope. Nevertheless, a few canonical histones and histone variants are retained in sperm chromatin, with percentages of approximately 1-15% in mammalian sperm (Erkek et al., 2013; Hammoud et al., 2009; Tovich & Oko, 2003) . The histones retained in spermatozoa can be post-translationally modified on the histone tails via processes that include acetylation, methylation, phosphorylation, and ubiquitylation (Krejci et al., 2015; Luense et al., 2016; Verma et al., 2015) . These histone modifications can alter chromatin packaging and regulate chromatin condensation by affecting the interaction between DNA and histones (Bao & Bedford, 2016) . Furthermore, these histone modifications can activate and silence chromatin by affecting the genome's accessibility to transcription factors during development (Zhang, Cooper, & Brockdorff, 2015) . Another type of chromatin structure has been described in many decapod crustacean spermatozoa that exhibits a loose flocculent structure compared with that of condensed chromosomes. This type of chromatin is called a decondensed nucleus (Chevaillier, 1966; Jamieson, 1991; Jamieson & Tudge, 2000; Tudge, 2009) . Over the past 50 years, the origin of this special sperm nucleus has inspired various types of investigations that, however, have failed to provide insights into the molecular mechanisms involved in decondensed sperm chromatin formation. Sperm with fully decondensed chromatin appear to be characteristic of most decapod crustaceans (Assugeni et al., 2017; Camargo et al., 2017; Du, Xue, & Lai, 1988; Hinsch, 1986; Medina, García-Isarch, Sobrino, & Abascal, 2006; Niksirat, Kouba, Rodina, & Kozák, 2013; Simeó, Kurtz, Rotllant, Chiva, & Ribes, 2010) . Earlier research indicated that the chromatin of crustacean sperm is not highly packaged due to a lack of basic proteins. However, several studies on Cancer pagurus (Kurtz, Martínez-Soler, Ausió, & Chiva, 2008) , Cancer magister (Kurtz et al., 2008) , Maja brachydactyla (Kurtz, Ausió, & Chiva, 2009 ), Portunus pelagicus (Stewart et al., 2010) , Fenneropenaeus chinensis (Ge et al., 2011) , Astacus (Niksirat, James, Andersson, Kouba, & Kozák, 2015) , and Eriocheir sinensis (Li et al., 2017; Wu et al., 2016; Wu, Kang, Guo, Mu, & Zhang, 2015; Zhang et al., 2016) have indicated that these decapod spermatozoal nuclei have a common characteristic, namely, that they contain parts of histones and some histone modifications. Because of the diversity of crustacean species, an integrated understanding of the origin of this special decapod sperm nuclei has not been achieved.
These retained modified histones may be an important cause of decondensed sperm chromatin.
To gain a better understanding of whether histones are also responsible for organizing the DNA in mature sperm of Stomatopoda, this article assessed the development process of spermatozoa via histological observations and transmission electron microscopy. The distribution patterns of histones in O. oratoria spermatozoa were investigated by immunofluorescent staining and immunoelectron microscopy. Although the mechanisms underlying this distribution are poorly understood, histones may be involved in chromatin decondensation in Stomatopoda.
| METHODS

| Animals
Live specimens of the mantis shrimp Oratosquilla oratoria (de Haan, 1844) were purchased from Mazhuang Village market (Baoding, China) between May and November 2016. Sexually mature male shrimps were anesthetized by chilling on ice and then dissected immediately. The studied species are neither endangered nor protected by law. No specific permits were required to study this species.
| Transmission electron microscopy (TEM)
The testis and vas deferens of 10 individuals were dissected and fixed in 4% paraformaldehyde (PFA) and 0.5% glutaraldehyde in 0.1 mol L −1 phosphate buffered saline overnight and then dehydrated by a graded ethanol series. Finally, the sample blocks were embedded with LR white resin (Cat# 14381-UC, London Resin) in gelatin capsules and polymerized for 48 hr at 60 C. Ultrathin (70 nm thick) slices were prepared with a Reichert-jung UltraCut E Ultramicrotome (Reichert Jung, 701704, San Diego, CA) . Then the sections were mounted on 300-mesh gold grid and stained with 2% uranyl acetate for 30 min.
The sample were photographed with a JEM-100SX transmission electron microscope (NEC, Tokyo, Japan) using an 80 KV electron beam. 
| Western blot
| Immunofluorescence (IF)
Tissue of DVD from 10 individual animals was fixed in 4% paraformaldehyde for 48 hr at 4 C and then dehydrated in 30% sucrose. The samples were embedded in optimal cutting temperature embedding medium 
| Colloidal gold labeling for transmission electron microscopy
The samples were treated according to the TEM protocol. Colloidal gold labeling for TEM was performed as per the protocol described by Zhang et al. (2016) . Briefly, the grids were subsequently blocked in blocking buffer for 2 hr and then incubated with primary antibodies 
| Data analysis
The number of gold particles observed by TEM in different areas were recorded and counted. At least 12 spermatozoa for each specific histone antibody were counted. Data analysis of the percentage of gold particles in each region of the spermatozoon was performed by the GraphPad Prism software, V7.0 (www.graphpad.com, RRID: SCR_002798).
3 | RESULTS
| Spermiogenesis and sperm ultrastructure in Oratosquilla oratoria
Spermiogenesis involves three stages, that is, early, mid, and late spermatids, mainly distinguished according to changes in chromatin form and distribution. Early spermatids are oval in shape, have a spherical nucleus and uniform nuclear material, and cytoplasm. The nucleus and cytoplasm can be clearly distinguished by their electron density using TEM ( Figure 1a ). In the early spermatid stage, the spherical nucleus is adjacent to the external coat structure. The components in the spermatid cytoplasm become loose, and the nucleus is partially wrapped by the cytoplasm (Figure 1b ). As spermiogenesis progresses, the acrosomal structure begins to form at the junction of the nucleus and external coat. When the cytoplasmic membrane is ruptured, the cytoplasmic components are released into the vesicular body ( Figure 1c ). In the mid-spermatid stage, spherical cells are polarized, with the nucleus located at one pole of the cell and the cytoplasm located at the opposite pole. Furthermore, the granular chromatin is distributed unevenly in the nucleus, and the chromatin side surrounded by the nuclear envelope appears to be more electron-dense than the external coat side (Figure 1d ). Flat nuclei are also observed by hematoxylin-eosin (H&E) staining (Figure 1e 0 ), which shows that they are compressed more uniformly. At the edge of the nucleus, an electron dense layer can be observed surrounding the chromatin. We deduce that this electron dense structure may be the nuclear envelope (Figure 1e ). An electrondense acrosome structure composed of an acrosomal vesicle, perforatorium and subacrosomal material can be observed at the junction of the external coat and the nucleus (Figure 1f ). The dense zone of subacrosomal material is anteriorly convex and similar to a pushpin.
The acrosomal vesicle is surrounded by subacrosomal material and perforatorium, which is less electron-dense than the subacrosomal material. On average, spermatozoa are 5.43 ± 0.32 μm in length and 6.15 (Figure 1i ). Vesicles with a membranous structure are also observed in the vesicular body (Figure 1j ).
| Histones involved in the packaging of the sperm chromatin in Oratosquilla oratoria
Western blot analysis confirmed the presence of H2A, H2B, H3, and H4 ( Figure 2 ). Localization with antibodies by immunofluorescence and immunoelectron microscopy showed that H2A, H2B, H3, and H4
were distributed in the nuclei (Figure 3) , and colloidal gold particles labeled with H2B (Supporting Information Figure S3 ) and H4
(Supporting Information Figure S4 ) showed that these two histones were in the external coat. No stained histones H2A, H2B, H3, or H4
were observed in the vesicle or granular material (Figure 3Bb ,Db).
Immunolabeled colloidal gold particles indicated that histone H2AX
was scattered in the nucleus, granular material, and external coat Figures S1 and S2 ).
3.3 | Some histone modifications are retained in the sperm of Oratosquilla oratoria 4 | DISCUSSION
| Spermiogenesis and spermatozoa in Oratosquilla oratoria
The characteristics of spermatogonia and spermatocytes in Oratosquilla oratoria are similar to those of other crustaceans, although spermiogenesis in O. oratoria differs from that reported in decapods (Feng, Paterson, & Johnston, 2017; Poljaroen et al., 2010; Stewart et al., 2010) . Komai (1920) and Kodama et al. (2009) provided spermiogenesis data on Stomatopoda using light microscopy. The spermatid chromatin formed from the secondary spermatocyte is reticulated, and then the chromatin becomes homogeneous (Komai, 1920) . However, we found that the spermatid chromatin changes from uniform to heterogeneous at the mid-spermatid stage and finally becomes homogeneous at the late-spermatid stage. Reports have shown that centrosomes are involved in S. oratoria, S. mantis, and O. stephensoni during spermiogenesis. These small centrioles are difficult to section accurately, so we did not pay much attention to centrioles in this experiment. In addition to the vacuole reported by Komai (1920), we speculate that it comes from cytoplasm. The plasma membrane was separated from the external coat, when the nucleus was pulled toward the external coat structure (Figure 1b) . Afterward, the plasma membrane ruptures and releases the cytoplasmic contents, forming a vesicle structure containing granular or flocculent electrondense material, and degenerating mitochondria. However, Cotelli and Lora Lamia Donin (1983) and Jamieson (1989) Donin, 1983; Jamieson, 1989; Komai, 1920; Matzke-Karasz, Smith, & Heß, 2016; Wingstrand, 1978) . There are no related studies on the composition of the external coat, and no hypothesis has yet come forth on the function of the external coat. We demonstrate for the first time that this particular structure contains histones, although we cannot explain the function of histones in the external coat. This structure is reminiscent of the spermatophore, a structure consisting of extracellular material containing sperm cells that are ready for transfer. However, the external coat cannot be identical to that of the spermatophore. The spermatozoa of decapods are generally stored in spherical or elongate-elliptical spermatophores, which are ejected outside the male during mating (Bento, López Greco, & Zara, 2018) . The accessory gland protein can dissolve the spermatophores (Hou et al., 2010) , although the chemical composition of decapod spermatophores is still basically unresolved. The mature spermatozoa of stomatopods seem to be covered with some glutinous matter to form a sperm cord (Deecaraman & Subramoniam, 1980; Komai, 1920) . The sperm cord in the cavity of the vas deferens can be dissolved by the male's accessory gland secretion to free the spermatozoa in the female's seminal receptacle, when the sperm cord is released from the male penis (Deecaraman & Subramoniam, 1983; Wortham-Neal, 2002 ). The sperm nucleus of mantis shrimp has a structure with a rather loose consistency that is similar to the decondensed nuclei of Decapoda crustaceans and sharply contrasts with the dense nuclei of nondecapod crustaceans and other animal taxa (Camargo et al., 2017; Medina et al., 2006; Niksirat et al., 2013; Pudney, 2010; Simeó et al., 2010) . The structural characteristics of mantis shrimp chromatin described above suggest a decondensed chromatin organization. A comparable acrosome structure, which is made up of acrosomal vesicle, perforatorium and subacrosomal material, can also be found in S. oratoria, S. mantis, and O. stephensoni. However, the typical acrosome vesicle of Brachyura is a subspheroidal, complex vesicle, consisting of at least three concentric layers with different electron densities, a perforatorial chamber, and an acrosomal cap or operculum (Assugeni et al., 2017; Simeó et al., 2010) . The acrosomal vesicle of Penaeidae consists of the spike, acrosomal cap, and main body (Camargo et al., 2017; Feng, Paterson, Webb, & Johnston, 2016) .
Spermatozoa in Stomatopoda still have some degenerate mitochondria, such as those in Brachyura (Assugeni et al., 2017; Simeó et al., 2010) . We have confirmed that some modified histones were localized in the position of granular or flocculent electron dense material by immunoelectron microscopy. However, the chemical composition of the electron dense material is still basically unresolved.
| Spermatozoal histone characteristics in Oratosquilla oratoria
SBNPs can be classified into three main categories: histone-type (Htype), protamine-type (P-type), and protamine-like (PL-type; Ausió, 1999 (Boskovic & Torrespadilla, 2013; Török et al., 2016; Török & Gornik, 2018; Zini, Zhang, & Gabriel, 2010) . We speculated that mantis shrimp sperm may present a nucleosome chromatin structure in the presence of histones H2A, H2B, H3, and H4 in the nucleus. Data from immunofluorescence and immune electron microscopy analyses provide additional evidence suggesting that histone variants H3.3, H2AZ, and H2AX are also interspersed in the sperm nucleus, which suggests that histone variants may be involved in sperm chromatin decondensation in Stomatopoda. Although a relatively compact nuclear structure is formed, nucleosomes with histone variants H2A.Z and H3.3 can affect chromatin structure and stability by inhibiting the binding of linker histones to the particle, thus preventing the chromatin from forming a highly condensed structure (Chen, Zhao, & Li, 2013; Thakar et al., 2009 ). Furthermore, histone H3.3-encoding gene h3f3b knock-out mice present male infertility and abnormal sperm due to sperm chromatin decondensation because of the associated lack of protamine proteins (Yuen, Bush, Barrilleaux, Cotterman, & Knoepfler, 2014) . Sex chromosome formation and meiotic sex chromosome inactivation in spermatocytes were destroyed after the targeted deletion of histone H2AX, thus causing infertility in male mice (Celeste et al., 2002; Fernandez-Capetillo et al., 2003) . In addition, studies in vitro have
shown that the incorporation of histone H1 into chromatin was impaired in the presence of H2AX, resulting in a more open chromatin structure, and the phosphorylation of H2A.X appeared to destabilize the structure of the nucleosome by enhancing H1 binding impairment (Li et al., 2010) . However, the mechanisms of these variants in the regulation of the high-level chromatin structure and gene expression are still unknown.
| Histone modifications regulate chromatin status
A large number of histone variants associated with different types of histone modifications participate in spermiogenesis to regulate chromatin status by affecting the stability of histone octamers and the interactions between DNA and histones (Bao & Bedford, 2016) . Furthermore, histone modifications can serve as epigenetic tags and be passed to offspring to influence gene transcription after fertilization (Jenkins & Carrell, 2012; Schagdarsurengin & Steger, 2016) .
During mammalian spermatogenesis, histones can be acetylated or hyperacetylated in spermatogonia, spermatocytes, and spermatids (Govin, Caron, Lestrat, Rousseaux, & Khochbin, 2004) . Histone acetylation can alter chromatin properties to modulate gene transcription by neutralizing the positive charge of lysines during spermiogenesis in trout (Sung & Dixon, 1970) . It has been hypothesized that the hyperacetylation of histone H4 in spermatids can open the higher-order chromatin structure to facilitate the replacement of histones by transition nuclear proteins (TPs) or protamine during mouse and rainbow trout spermatogenesis (Christensen, Rattner, & Dixon, 1984; Hazzouri et al., 2000) . Kurtz et al. (2009) and Li et al. (2017) found that histone H3 in the sperm nuclei of the brachyuran crab is acetylated. The noncondensed nucleus may be caused by remanent acetylated histone H4 accompanied by chromatin fibers in Fenneropenaeus chinensis (Ge et al., 2011) . Additionally, histone H3 methylation is important for sperm functioning and embryonic development, and histone H3 lysine 4 trimethylation (H3K4me3) plays a critical role in chromatin condensation and mitotic division during male gametogenesis (Pinon, Yao, Dong, & Shen, 2017; Song et al., 2011; Spina et al., 2014; Verma et al., 2015) . These histone acetylations, together with methylations, may assist in achieving a more open chromatin configuration. The histone phosphorylation of H3S10, which is evolutionarily conserved, can regulate pericentric chromatin condensation in MCF-7 cells (Yan et al., 2016) . Previous research has shown that H4S1ph is involved in the processes of histone replacement, chromatin compaction, and DNA accessibility in yeast (Krishnamoorthy et al., 2006) . Histone H4
and H2AS1ph are thought to be closely related to DNA double strand break (DSB) recombination and meiotic chromosome condensation, which are specifically localized to DSBs (Barber et al., 2004) . Sperm chromatin contains a distinct set of histones, which has led to the hypothesis that the expression of certain genes is regulated by these specific histone modifications during embryonic development (Jenkins & Carrell, 2012; Jung et al., 2017) . Alternatively, DNA sequences associated with histones in sperm may be in a transcriptionally inactive state that facilitate the binding of the male genome to maternal transcription factors during mouse embryo development (Miller, Brinkworth, & Iles, 2010) . Various histone modification sites and histone variants has been identified by mass spectrometry in human and mouse sperm (Luense et al., 2016) . HS1ph was also observed in the acrosomal tubule and acrosomal vesicle of E. sinensis spermatozoa . We also confirmed that histone H2AX, H2A.Z, H3.3, H4Kac, and HS1ph were scattered outside the sperm nucleus. Spermatozoa are terminally differentiated cells in which nearly all transcriptional events are arrested. The mechanism of these extranuclear histones remains to be studied.
| CONCLUSIONS
In this article, the spermatogenesis of Oratosquilla oratoria was studied by TEM. The results showed that at the early spermatid stage, the spherical nucleus is adjacent to the external coat and the acrosomal structure begins to form at the junction of the nucleus and the external coat. At the mid-spermatid stage, part of the chromatin appears to be more electron-dense than the external coat side. The aflagellate sperm of O. oratoria consists of a homogeneous granular nucleus, an acrosome structure in a "pushpin" shape and a spherical vesicular body in which faintly granular material is scattered. The acrosome structure is made up of an acrosomal vesicle, perforatorium, and subacrosomal material.
We verified the histone characteristics of the spermatozoal nuclei of mantis shrimp using three independent approaches. This study is the first to reveal that histones and certain histone modifications are retained in the sperm of Stomatopoda. Furthermore, the different histone modification levels could be responsible for the sperm's ability to fertilize and activate the egg and may contribute to embryo development. For this reason, our findings have potential implications for improving knowledge of the epigenetic regulation of mantis shrimp fertility via histone modifications in spermatozoa and provide insights on the packaging model of sperm chromatin.
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